Globally, the bacterial genus Campylobacter is one of the leading causes of human gastroenteritis, with its primary route of infection being through poultry meat. Despite decades of study we appear to be no closer to preventing outbreaks within commercial chicken flocks, and the application of biosecurity measures is limited by a lack of understanding of the transmission dynamics within a flock. Our work is the first to undertake a mathematical modelling approach to Campylobacter population dynamics within a flock of broilers (chickens bred specifically for meat). A system of stochastic differential equations is used to investigate the diverse and fluctuating conditions within the gut of a broiler, and models the routes of infection between co-housed birds. The presented model provides mechanistic explanations for key infection dynamics that have been long-observed but very poorly understood. We highlight several driving mechanisms behind observed infection phenomena, simulate experimentally observed inter-strain competition, and present a promising approach to hypothesising new methods of preventing flock outbreaks.
Before presenting the stochastic differential equation framework, we begin by introducing the underlying deterministic core of the framework and the particular interactions modelled. Consider four variables to describe the bacterial populations within a broiler's digestive tract. C, the proportion of a single bird's gut flora made up of Campylobacter. B, the proportion of the gut flora made up of other bacterial species competing for space and resources. P , the proportion of the gut containing host defence peptides (HDPs) (this may also be interpreted as other plausible forms of host autoimmune response). Lastly, M , the proportion of the gut containing innate maternal antibodies. These all take values ranging such that 0 ≤ C, B, P, M ≤ 1. The set of ODEs describing the dynamics follows:
All rate constants are defined below in Table 1 . The first term r 1 C 1 − C+α1B K in 83 equation (1) describes the logistic growth of Campylobacter to a carrying capacity, K, 84 while in competition with other bacteria B. Competition for resources is the key to 85 success within the gut. Campylobacter is known to be an effective coloniser [22] , as it is 86 very effective at drawing zinc [23] and iron [24] from its environment. The second term 87 (γCP ) in equation (1) models the inhibitory effect of host defence peptides, P . These Table 1 .
Ignoring the trivial cases of complete domination by either C or B, the basic dynamical 113 behaviour observed for this simplified model is illustrated in Figure 1 . Notably, 114 Campylobacter is absent from the microbiome until the maternal antibody population 115 has been exhausted. At this point a sudden, temporary, surge in the population of 116 Campylobacter is observed. This phenomena is due to the very low population of HDPs, 117 caused by the strong effect of the initial maternal antibodies. The HDP population then 118 quickly rises to meet this sudden challenge, bringing the Campylobacter population back 119 to a lower level in an oscillating manner, where it eventually reaches a steady-state 120 equilibrium. This behaviour is commonly observed in experimental studies [29] [30] .
From this simple core of four equations we adapt the model to allow for N unique March 7, 2019 6/32 strains of Campylobacter, by describing each strain as a separate variable. Equation (1) is repeated for each individual strain, while altering the growth rate terms to reflect the fact that all strains will also be in competition with one another. This alteration is represented by the following set of ODEs:
Here C j represents the j th strain of Campylobacter, where j ∈ {1, 2, ..., N }, and N is 123 the total number of strains. As such this adjusted model is composed of N + 3 variables. 124
The next alteration is to allow for multiple birds and the ability for Campylobacter to 125 move from one bird to another. This is done by repeating the N + 3 equations Campylobacter within L broilers, is written as,
Here then, C ij represents the proportion of the i th broiler's gut bacteria which is Campylobacter strain j that is currently in the flock's enclosed living space. We assume 136 a living space of fixed size shared by all broilers. As such, Ω represents this total size, or 137
carrying capacity for strains. The first term in equation (13) shows that the amount of 138 strain j in the environment is increased by being shed from birds that are already 139 infected with strain j at a rate b. Note from the final term a
Ej Ω in equation (9) what measures can reduce the likelihoods of infections, rather than the magnitude.
164
Through a stochastic framework we explore multiple realisations of potential outcomes, 165
and investigate reducing the likelihood of outbreaks.
167
For the stochastic framework, equations (9)-(13) are adjusted to the following set of March 7, 2019 9/32 stochastic differential equations,
where λ j (t) is defined by;
and where a(E j ) is defined by;
Ej Ω for random variable X ∼ U(0, 1).
0, otherwise.
The stochastic additions in equations (15) The eighth term (λ j (t)) in equation (14) is a Wiener process independent of the 179 population of C ij . This is introduced to allow for the possibility of extinction events, 180 should the population of C ij reach a particularly low threshold. This threshold is 181 decided by the value taken by λ j (t), in this case 0.00025. Finally, the ninth term of and spatial structure of the gut microbiome may be more inhibitory towards 185 Campylobacter, or perhaps actually assisting its growth instead.
186 Scaling factor applied to stochastic Campylobacter growth in the gut.
η BCj
Scaling factor applied to stochastic Campylobacter inhibition by other competing bacteria. 0.09 η 2
Scaling factor applied to stochastic competing bacteria (B) growth. 0.01 η 3 Scaling factor applied to stochastic host defence peptide (P ) growth. 0.01 η 4 Scaling factor applied to stochastic maternal antibody (M ) decay. 0.01 η 5
Scaling factor applied to stochastic Campylobacter growth in the environment. 0.01 Figure 4A and Figure 4B , the four 247 seeder birds were inoculated at day of hatch, and chickens were sampled by cloacal 248 swabbing. For the experiments shown in Figure 4C and Figure 4D , the seeder birds 249 were inoculated one day after hatch, and the flock was analysed by collecting fresh fecal 250 samples. 2 Simulations
253
We now use a series of (simulated) case studies to investigate key dynamical behaviours 254
and predictions from the model. simulated, all with the exact same respective rate constants as shown in Table 1 . Figure 259 5A shows the results when all five strains are introduced at t = 0 with the same initial 260
inoculation amount of C i (0) = 0.0001. Figure 5B shows instead when each strain is 261 introduced in intervals of t = 250. Therefore only strain 1 is introduced at t = 0, strain 262 2 is introduced at t = 250 and so on until finally strain 5 is introduced at t = 1000. In Figure 5A is due to overlap, all five strains exhibit the exact same dynamical behaviour, as would be expected.
While the maternal antibodies (M ) are not plotted on these figures, they approach 0 at 267 approximately t = 1, 000, as can be seen by the following surge in Campylobacter 268 populations following this point in Figure 5 . While, unsurprisingly, all strains perform 269 identically in figure 5A (where strains are initialised at the same point in time), a more 270 curious dynamic is observed in Figure 5B . The strain that performs best and exists at 271 the highest proportion in the staggered release example is strain 2, the second strain to 272 be introduced. The reason for this is that strain 1, present at t = 0, is initially 273 suppressed by the maternal antibodies (parameter M ), reducing the proportion of strain 274 inoculation to occur for a strain to become dominant, as shown in Figure 5B where 281 strain 2 is consistently occupying a higher proportion of the gut than other strains. The stochastic model (equations (14) - (17)) is run to simulate one strain of 284 Campylobacter within one broiler. In this scenario, we ignore the environmental variable 285 E (equation (18)), as its input is negligible for only one broiler. The rate constants are 286 kept at the same values as used previously, defined in Table 1 , with the additions of the 287 stochastic variance scaling rate constants, parameters that limit the variance of the Empirical studies measuring the amount of Campylobacter in the faecal matter of 295 isolated broilers have shown a spectrum of results. Some broilers display sustained high 296 populations, others express initial peaks followed by great reduction and potentially 297 later resurgence, and sometimes extinction cases are observed [29] . All these dynamical 298 behaviours can be observed in different realisations of this model ( Figure 6 ). Figure 6A 299 shows an instance where a broiler is consistently infected and shedding into the 300 environment, unable to effectively clear the Campylobacter from its system. Figure 6B 301 instead shows an instance where a broiler has multiple periods of high infection and 302 shedding, before being able to clear the infection. Figure 6C shows similar behaviour to 303 6A, whereby the broiler is unable to clear the bacteria, however 6C shows more dramatic 304 peaks and troughs in its dynamic profile, suggesting it may have longer periods of 305 reduced shedding. Finally, Figure 6D shows an instance where the broiler successfully 306 clears Campylobacter at the initial point of inoculation. All these realisations are run 307 with the same parameters given in Table 1 , demonstrating the benefit of a stochastic 308 framework being able to better capture the more diverse range of possible events. The previous scenario is now extended to consider multiple broilers. Figure 7 presents 311 the results for one Campylobacter strain in a flock of 400 broilers. We use the parameter 312 values stated in never be stocked at more than 42kg/m 2 [35] . Assuming a targeted bird weight of 1.5kg, 316 this translates to 357cm 2 per bird. This simulation models slightly more space allowed 317 to each bird than the limit. The death rate of Campylobacter in the environment is set 318 at d 5 = 0.05, higher than the death rate within a broiler as, despite their many survival 319 mechanisms [36] Campylobacter is susceptible to many exterior environmental 320 stresses [37] and is exceptionally fragile outside of its host. The simulation began with 321 no Campylobacter in the surrounding environment (E(0) = 0) and the other initial On average, all strains perform equally well across the flock, as shown in Figure 8E . All 344 strains are present at roughly equal amounts in the environment, reflecting an equal Disadvantaged strains of Campylobacter are quickly eliminated. Figure 10 an example of below in Figure 11 . As such, the most "important" parameters will be the ones which exhibit a strong trend in their scatter plot. A seemingly randomly distributed scatter plot would indicate a parameter value which has little impact on our output. To report more accurately this measure we use the first-order sensitivity index, S i , and the total effect index, S Ti , defined as:
where X i denotes parameter i, and Y denotes the model output. X ∼i denotes the 384 vector of all factors but X i . V (·) denotes the variance, and E(·) the expectation.
385
Specifically E(A|B) denotes the expectation of variable A when B is held fixed. In short 386 S i will measure the changes observed in the output when parameter X i is kept fixed, both are values that range from zero to one, that explain the impact of a parameter on 390 the model output. The higher the value, the more "important" the parameter is. S Ti is 391 considered a stronger metric, as it also considers the higher-order impact of a parameter, 392
whereas S i only considers the immediate first-order impact. As such S i would be a 393 sufficient measure for a linear model, but for a more complex model such as the one 394 presented in this paper, S Ti can better reveal the impact that each parameter plays. An 395 initial sensitivity analysis was run for twenty parameters with 1, 000 parameter set 396 samples, drawn from a quasi-random Sobol set [38] . The results of this analysis are 397 displayed in Table 2 , and the code used to produce them is available to access at: Table 2 . Sensitivity analysis of parameters in a stochastic model for one Campylobacter strain in a flock of broilers. The first-order sensitivity index and total effect index is given for a sensitivity analysis of 1, 000 runs for 20 parameters. The output function considered is the probability of Campylobacter going extinct within the flock based on the given parameter set.
Specifically, our objective function will run the stochastic model for a flock of chickens 401 with the random parameter set drawn. If this model run results in no Campylobacter 402 being present in the flock, it is considered to have successfully eliminated infection. The 403
March 7, 2019 20/32 Table 3 . Repeated sensitivity analysis of parameters in a stochastic model for one Campylobacter strain in a flock of broilers. The first-order sensitivity index and total effect index is given for a sensitivity analysis of now 4, 000 runs for 8 parameters. The output function considered is the probability of Campylobacter going extinct within the flock based on the given parameter set.
The main result from these analyses is that the growth, death and inhibition rates of 420 the other bacteria present in a broiler's gut (parameters r 2 , d 2 and β C ) have the largest 421 impact in eliminating Campylobacter from a flock. As such, we can begin to consider 422 which preventative methods could best take advantage of this heightened sensitivity.
Here, we have investigated the dynamics of Campylobacter across a range of model 425 applications. Our framework reveals several key dynamics of microbial interaction that 426 explain many experimentally observed phenomena. This presents promising new 427 approaches to understanding and tackling this bacteria.
429
First, the most apparent prediction is that the Campylobacter population is successfully 430 suppressed by the innate maternal antibodies (an experimentally observed 431 phenomenon [39] ), until these antibodies are eventually removed from the system. At Campylobacter to emerge as an early dominating strain. Figure 5B shows that, due to 437 the antibacterial properties of a broiler's maternal antibodies, any strains that infect a 438 broiler early on in its lifespan will be heavily inhibited. This creates a brief window at 439 the point in which maternal antibodies have depleted, whereby any new strain 440 introduced is observed to quickly colonise and dominate the gut flora, suppressing other 441 strains (see Figure 10C ). This hypothesis has been verified experimentally [39] . lower Campylobacter prevalence rate than commercial broiler flocks [41] . Breeder birds 479 will regularly move between periods of testing positive and negative for Campylobacter, 480
inconsistently with the state of other birds in the flock, unlike the much younger birds 481 grown for meat which remain consistently positive. Our case studies suggest that this 482 may be due to the lower stocking density afforded to breeder birds, as it would appear 483 the route of infection between breeder birds is weaker than that between broilers. Our 484 sensitivity analysis however also highlighted that the gut flora can have a strong impact 485 on the survival of Campylobacter. The differences in diet and management practise for 486
March 7, 2019 23/32 breeder birds likely results in a different variety of bacterial colonies to broilers, which 487 could also be a cause of the differences seen between breeders and broilers in 488 Campylobacter expression.
490
Over time, our model shows strains of equal fitness will tend to settle at equal levels of 491 prevalence on average across a flock ( Figure 8E ), a result that has also been shown grow. This is due to the broiler already having a heightened level of immune response 499 (P ) due to the currently present strain. In the deterministic case, later strains would 500 never be able to establish themselves as much as strains that were earlier to arrive 501 ( Figure 5B ). However, in the stochastic model, there is the potential for a stochastic 502 event to reduce the population of the currently dominating strain, and increase the 503 population of a less-established strain.
505
Across the whole flock, weaker strains can be quickly out-competed by other strains. 506 Figure 10 shows two weaker strains (strains with lower growth rates) attempting to 507 survive within a flock, even having a slight population peak at the optimal point of 508 strain introduction, before eventually being forced to extinction by the other three 509 strains. Parameter variation showed that reducing a strain's capabilities by a very small 510 amount can allow it to persist still in the flock at a smaller average population than the 511 others, but the majority of realisations would always end with weaker strains becoming 512 extinct. Clearly this shows an environment where genetic dominance is very quickly 513 selected for. One area in which the model is admittedly lacking currently, is that it does not 534 represent the physiological changes that occur as a bird grows. Broilers have been 535 genetically selected over the many decades to grow excessively fast, which has been 536 shown to have numerous concerning implications for their health [44] . This is likely to 537 then result in differences to their auto-immune capabilities over time. More pertinently, 538 the gut flora of a chicken is known to change and develop as the birds age [45] , 539 suggesting varying degrees of inter-bacterial uncertainty.
540
Our sensitivity analysis gives great insight into the optimal routes of infection 541 prevention. Table 2 clearly shows that bolstering the growth rate and inhibition 542 capabilities of the other bacteria populating a broiler's gut is the best way to force 543 extinction of Campylobacter, primarily through suppressing Campylobacter at its initial 544 appearance in a system, before it has the opportunity to propagate. As such, the 545 sensitivity analysis suggests further exploration and experimentation into the impact of 546 factors which would affect the gut flora of a broiler. Probiotics are a clear way of 547 impacting the microflora [46] and have shown some effect in studies into their impact on 548
Campylobacter expression [47] . Equally, the stressors linked with stocking density have 549 been shown to affect the gut microflora by Guardia [49] have shown that feed withdrawal and heat stress can considerably alter and 551 limit the gut microflora. These highlight that general bird health and welfare can be 552 equally strong factors in determining the values of r 2 , d 2 and β C ; the parameters 553 highlight as most "important" by the sensitivity analysis. Table 2 also however 554 highlights the importance of parameters ξ and d 3 , the growth and death rate of host 555 defence peptides respectively. These parameters have been shown to be strongly 556 affected by stressors such as overcrowding [50] . As such, this result would lend further 557 support to giving greater care to the health and welfare of broilers, as the resulting 558 improvement to host defence peptide production would have a positive impact on 559 helping prevent Campylobacter outbreaks. 
